The repair by co-antioxidants of the phenoxy radical of resveratrol, the famous health-preserving ingredient of red wine, is a key step of radical scavenging cascades in nature. To generate that radical, we employed 355 nm photoionization as a direct and selective access that reduces the chemical complexity and is equally applicable in organized phases; to monitor it, we used its hitherto unreported absorption in the red where no other species in our systems interfere. With this novel approach, we measured rate constants and H/D kinetic isotope effects for the repairs by ascorbate, trolox (a vitamin E analogue) and 4-aminophenol, and identified the mechanisms as one-step hydrogen abstractions. Cysteine and glutathione are unreactive. In micellar solution (SDS), the repair by ascorbate is much slower and involves only the hydrophilic phenoxy moieties protruding from the micelles. The new experimental strategy also led to a reevaluation of extinction coefficients, rate constants and mechanisms.
Introduction
Resveratrol (ResOH; for the formula, see Fig. 1b ) is a polyphenol ingredient of red wine with remarkable health-preserving properties: not only is this powerful antioxidant thought to be responsible for the ''French paradox'' 1 -a low mortality from coronary heart diseases despite a high uptake of unsaturated fats-but it also exhibits anticancer 2 and antiaging 3 effects. This explains why it keeps attracting immense attention, culminating in 1700 new publications in 2013 alone as referenced by SciFinder s . Previous studies of ResOH as an antioxidant have focused almost exclusively on its radical scavenging. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In contrast, extremely little is known about its subsequent regeneration from the resulting phenoxy radicals ResO by co-antioxidants, although these repair reactions are of similar importance because these integral parts of the radical scavenging cascades in nature 19 increase the biological efficiency of ResOH, so reduce the necessary nutritional uptake. 20 Spin-trap experiments 21 and steady-state absorption spectroscopy 22 gave qualitative evidence for such a repair by ascorbate or glutathione, and a rate constant for the regeneration by 4-aminophenol has been mentioned in passing. 23 This paucity of information-as opposed to the situation for other phenolic antioxidants, in particular, a-tocopherol (vitamin E) 14, 19, [24] [25] [26] [27] [28] -prompted us to investigate the reactions of ResO with typical co-antioxidants mechanistically and kinetically.
For this purpose, the usual access to ResO through the scavenging of other radicals R by ResOH possesses two intrinsic drawbacks. First, the systems become needlessly complex because different resveratrol-derived radicals can be formed in parallel, 13, 15, 16 interconvert, 16 and decay by different pathways; 13, 15 because R can also be scavenged by the co-antioxidant; 22 Fig. 1a ; in addition to a strong band centered at 410 nm, there is a weaker, structured one with maxima at 650 and 720 nm. Not only are the intensities of these three peaks strictly proportional to one another, but immediately after the laser flash they are also proportional to the absorption of e aq À (inset of the figure). As is evident from these observations, the spectrum of Fig. 1a The spectral feature in the red, which might have been overlooked in earlier studies for sensitivity reasons, is reproduced by quantum-mechanical calculations (the two strongest computed transitions are also shown in Fig. 1a ; further details can be found in SI-2.2.1, ESI †). Although that band is much weaker than the one at 410 nm, it has the advantage of allowing a direct monitoring of the ResO concentration because all our co-antioxidants and their radicals are completely transparent in that region, whereas these radicals (except in the ascorbate case) strongly contribute to the absorbance observed at 410 nm. The detection in the red does not adversely affect the sensitivity, as the very good signal-to-noise ratio (compare, Fig. 2b) shows. The upward curvature in the low-intensity regime of the electron yield as function of the excitation energy (Fig. 1b) clearly identifies the ionization as biphotonic. 35 We found no evidence whatsoever for the occurrence of a triplet state in the reaction, so the first excited singlet state S 1 of ResOH must absorb the second photon. Stern-Volmer experiments with I À as quencher gave a lifetime of 36 ps for S 1 (see, SI-2.1, ESI †).
All these findings are consistent with the results of femtosecond experiments in acetonitrile. 34 Because the S 1 lifetime is much shorter than the duration of our laser flashes (5 ns), the intensity dependence is accurately describable with the approximation of a fast preequilibrium between ground state and S 1 ; this leads to a two-parameter model recently derived by us, 36 which is not only applicable to low intensities but valid throughout the whole turnover range. As is estimated (SI-3 ESI, † where the effect of a geometrical isomerization is also discussed) from the model and its best-fit parameters in the experiment of Fig. 1b , the quantum yield of ionization of S 1 by the second photon must be quite high, which explains why a substantial amount of ResO can be produced at 355 nm despite the short S 1 life and low ground-state extinction coefficient e(ResOH). Owing to this property, the electron ejection from ResOH thus provides a convenient access to ResO with this wavelength, where none of our co-antioxidants is photoionizable. Also included in Fig. 1b is the outcome of the same experiment in sodium dodecyl sulfate (SDS) micelles. As the best-fit parameters show (SI-3, ESI †), the noticeably higher electron View Article Online yield in this medium must largely be ascribed to an increase of e(ResOH) caused by a slight red shift of the ground-state spectrum. The figure demonstrates that the photoionization route to ResO is equally viable in a microheterogeneous system. (Fig. 2a) . The latter is the only further absorption, as is revealed by subtracting an appropriately scaled spectrum of pure ResO , and that remainder is identical with the well-known spectrum of the extremely long-lived radical Asc À . 37, 38 This facile separation at any point of time after the laser flash is possible because there are no competing absorptions from Asc À nor from the radicals of our other co-antioxidants in the region of the reference peaks of ResO at 650 or 720 nm (SI-4, ESI †).
The inset of Fig. 2a that radical-radical recombinations cannot compete with the repair. The gross reaction is a hydrogen abstraction, for which a one-step process (either through a direct abstraction or a coupled electron-proton transfer 27 ) and a two-step process through rate-limiting electron transfer to give ResO À and HAsc followed by fast reprotonation of the former and deprotonation of the latter by the solvent would be equally feasible thermodynamically (compare, Table 1 ). To resolve that mechanistic ambiguity, we measured the repair rate in D 2 O, where all hydroxylic protons of both substrate and co-antioxidant are replaced by deuterium. The large H/D kinetic isotope effect (KIE) of 3.9, which is immediately perceived in Fig. 2b , can only be reconciled with the one-step process. This finding agrees very well with that for the repair of the a-tocopherol phenoxy radical by HAsc À , where the activation parameters substantiate a concerted electron-proton transfer. 27 Carrying out the repair in micellar solutions of SDS decreased the rate constant by a factor of 70 (Table 1) . Because the negatively charged HAsc À is not lipophilic, it can only react with the hydrophilic phenoxy groups of ResO protruding from the micelles or with ResO altogether present in the aqueous phase. When we increased the amount of SDS such as to nearly quadruple the micelle-to-radical concentration ratio, thus modifying the amounts of solubilized and free ResO accordingly, we did not observe any effect on the kinetics, which clearly substantiates the first alternative. Compared to the repair of the a-tocopherol phenoxy radical by HAsc À , 27 the reduction of the reaction rate by the SDS micelle is only a quarter as large in our system, which indicates that the radical moiety of solubilized ResO is more exposed to the aqueous phase; this is also in accordance with the fact that the repair of ResO by HAsc À in that model membrane is about 20 times faster than that of the a-tocopherol phenoxy radical. We next extended our studies to 4-aminophenol, which is not a naturally occurring antioxidant but the only reductant for which a rate constant of the reaction with ResO was available, 23 although without any details on how this was measured.
The rate constant obtained with our direct method (Table 1) is 6 times higher than the reported value. The aminophenol also reacts about twice as fast with ResO as does HAsc À despite a significantly smaller thermodynamic driving force. Together with the much lower KIE, this might indicate a mechanistic change to an indirect hydrogen abstraction, which would be in accordance with the previous interpretation of that reaction as an electron transfer. 23 However, p stacking with concomitant nonlinearity of the transition state has been invoked as an explanation of an even smaller KIE in a direct hydrogen abstraction, 39 and the molecular shape of 4-aminophenol should make it a good candidate for such an ordered arrangement with ResO ; moreover, in the case of the water-soluble vitamin E analogue trolox, where the value of the KIE clearly supports a direct hydrogen abstraction, the rate constant of the ResO repair also does not reflect the energy balance.
Finally, we focused on cysteine because that amino acid is the redox-active residue of glutathione, the only other molecule besides ascorbate and 4-aminophenol that has ever been reported to repair ResO ; in experiments with ResO generation by H 2 O 2 /horseradish peroxidase that repair was inferred from the detection of a spin-trapping adduct of the glutathionyl radical 21 and from spectroscopic observation in the UV-C. 22 Our photoionization method indeed gave a transient absorption at 410 nm with a complex time dependence, which might mistakenly be ascribed to ResO alone and its repair by cysteine. However, monitoring at 650 nm, where no cysteinederived radical interferes, afforded unambiguous evidence against a repair: on a timescale five times longer than in Fig. 2b , the very slow decay of the ResO signal proved to be completely uninfluenced by the cysteine concentration over a range from 70 mM to 400 mM. Because the data in Table 1 indicate this repair also to be thermodynamically impossible, we suggest that the time dependence of the 410 nm absorption is largely due to the dimeric radical anion R-S -S-R À , which can be formed through scavenging of both e aq À and hydroxyl radicals by cysteine; 47 similar mechanisms are conceivable for glutathione, for which we found the same concentration independence.
The well-known pecking order of antioxidants describes the thermodynamic feasibility of a repair but does not allow a prediction of its precise rate, 26 so by no means supersedes kinetic studies. A straightforward placement of ResOH in that sequence is hampered by the uncertainty of the standard potential for its electrochemical oxidation, which is irreversible. 46 Our observation of the very fast repair of ResO by trolox, electrochemically an almost exact analogue of a-tocopherol, 26 complements an earlier study that gave an extremely slow rate for the reverse process, the repair of the a-tocopherol phenoxy radical by ResOH.
14 Together with the inertness of ResO against cysteine, this puts ResOH roughly halfway between these two co-antioxidants, so shows that its position in the pecking order should not deviate greatly from that given by its irreversible potential.
Conclusions
In summary, we have developed a strategy for the direct generation and isolated observation of the resveratrol phenoxy radical in the presence of co-antioxidants, an approach capable of providing detailed mechanistic and kinetic information about the fundamental, but hitherto virtually unknown repair reactions of this radical in a very straightforward manner. Our experimental procedure should be particularly attractive for studying the regeneration of the amphiphilic antioxidant resveratrol in supramolecular assemblies such as micelles, vesicles and liposomes. A second advantage can be envisaged for mixtures of resveratrol with other phenolic antioxidants, as contained in red wine and other foods; 3 for such complex systems, whose interactions are largely unknown to date, the possibility of selectively accessing and monitoring the resveratrol phenoxy radical could prove very fruitful.
Experimental section
The main investigation method of this study was nanosecond laser flash photolysis with optical detection of the intermediates. A detailed description of our setup has been given elsewhere. 
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Briefly, the collimated beam of a frequency-tripled Nd:YAG laser (Continuum Surelite-III, 355 nm, 5 ns pulse width) was used for homogeneous excitation of trans-resveratrol (ResOH) solutions pumped through a suprasil cell; the transient absorptions were monitored at right angle to the excitation. The absorption of the solutions at the excitation wavelength was below 0.02, which ensured a uniform concentration of transients also in the direction of the laser beam. All chemicals were obtained commercially in the highest available purity and used as received (trans-resveratrol, 498%, TCI; sodium ascorbate, 99%, Alfa Aesar; trolox, 97%, Aldrich; 4-aminophenol, Z 99%, Aldrich; cysteine, Z98.5%, Aldrich; glutathione, Z98%, Aldrich; potassium iodide, 99%, Aldrich; sodium dodecyl sulfate, Z99.5%, Roth; sodium hydrogen phosphate, Z99%, Fluka; sodium dihydrogen phosphate, 498%, VEB Laborchemie Apolda). The solvent was either ultrapure Millipore MilliQ water (specific resistance, 18.2 MO cm) or-for the measurements of the H/D kinetic isotope effects-D 2 O (99.9% deuteration, VEB Berlin Chemie).
ResOH solutions were always freshly prepared before an experiment and stored in the dark to avoid geometrical isomerization. The desired pH values were adjusted under pH meter control (Hanna Instruments HI 9024) by mixing sodium hydrogen phosphate and sodium dihydrogen phosphate stock solutions. The buffer concentration normally was 6.7 mM; if necessary, it was increased up to 20 mM to keep the pH constant even in the presence of higher concentrations of pH-active co-antioxidants.
All solutions were purged with argon (5.0, Air Liquide) or N 2 O (5.0, Air Liquide) for 30 minutes before and for the whole duration of the laser flash photolysis experiments. Chemicals that are susceptible to oxidation by traces of molecular oxygen (sodium ascorbate and 4-aminophenol) were added in solid form to the already degassed solutions immediately before starting the measurements.
Steady-state absorption and fluorescence spectra were recorded with a Shimadzu UV-2102 spectrophotometer and a LS 50B spectrometer (Perkin Elmer).
